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Energy metabolismInositol 1,4,5-trisphosphate receptors (IP3Rs) are calcium channels modulating important calcium-mediated
processes. Recent studies implicate IP3R in cell metabolism, but speciﬁc evidence is missing regarding IP3R's
effects on actual metabolic pathways and key energymetabolites. Here, we appliedmetabolomics andmolecular
biology to compare DT40 cell lines devoid of IP3R (KO) and its wild-type (WT) counterpart. NMR and LC–MS
metabolomic data showed that the KO cell line has a very different basic energy metabolism from the WT cell
line, showing enhanced Warburg effect. In particular, the KO cells exhibited signiﬁcant perturbation in energy
charge, reduced glutathione and NADPH ratios with slower cellular growth rate. Subsequent ﬂow cytometry
results showed that the KO cell line has a higher level of general reactive oxygen species (ROS) but has a lower
level of peroxynitrites. This ROS disturbance could be explained by observing lower expression of superoxide
dismutase 2 (SOD2) and unchanged expression of catalase. The higher ROS seems to be involved in the slower
growth rate of the KO cells, with an ROS scavenger increasing their growth rate. However, the KO and WT cell
lines did not show any noticeable differences in AMPK and phosphorylated AMPK levels, suggesting possible sat-
uration of AMPK-mediatedmetabolic regulatory circuit in both cells. Overall, our study reveals IP3R's roles in ROS
homeostasis and metabolic pathways as well as the effects of its KO on cellular phenotypes.
© 2015 Published by Elsevier B.V.1. Introduction
Inositol 1,4,5-trisphosphate receptors (IP3Rs) are calcium channels
located in the membranes of intracellular calcium stores, such as endo-
plasmic reticulum and secretory granules [1,2]. There are three types of
IP3R, termed IP3R1, IP3R2, and IP3R3, with two or three of these
expressed in most cell types [3]. These channels play key roles in the
cellular calcium homeostasis and modulate related processes such as
immune reaction, exocytosis, and cell division [4]. In addition, IP3R has
been shown to bind to BH4 domain of BcL-2 to protect against
calcium-dependent apoptosis [5], and reduced activity of IP3R in down-
stream of EGF pathway has been shown to shorten the survival of
Caenorhabditis elegans [6]. Recently, IP3R was implicated in the regula-
tion of hepatic gluconeogenesis in fasting state and diabetes throughceptors; OPLS-DA, orthogonal
R123, dihydrorhodamine 123;
eoxy-uridine; MnTBAP, Mn(III)
ongin B
e of Pharmacy, Seoul National
oul, Republic of Korea.calcineurin-mediated dephosphorylation of CRTC2 [7]. Studies also
point to the critical involvement of IP3R in autophagy, although the
exact mechanism and the stimulatory versus inhibitory roles are yet
to be clariﬁed [8]. Therefore, the evidence of IP3R's involvement in var-
ious cellularmetabolisms is beginning to emerge, but the roles of IP3R in
actual metabolic pathways and key energy metabolites have not been
much studied.
The DT40 cell line is premature B cells originating from chicken
lymphoma induced by avian leucosis virus [9,10]. The ease of genetic
manipulation by homologous recombination made it a popular tool in
many ﬁelds, especially in B cell receptor and calcium signaling. For
IP3R and calcium research, a derivative of DT40where all three IP3R iso-
forms were disrupted (KO) has been developed [11]. This IP3R KO DT40
cell line has been an invaluable tool for investigating the IP3R functions
[10] ranging from IP3-evoked Ca2+ releasewithwhole-cell patch-clamp
[12] to in vivo protein–protein interaction [13]. Despite these extensive
uses of the IP3R KO DT40 cells, the actual characteristics of the cells,
particularly in metabolic perspectives, drew much less attention. Still,
the metabolic characterization is very important in studying the in-
volvement of IP3R in metabolic processes such as autophagy or reactive
oxygen species (ROS) responses. In this respect, it is worth noting that
there have been some discrepancies regarding the autophagic status
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DT40 cells [15,16]. As AMPK and autophagic status are intimately affect-
ed by metabolism, these discrepancies may be due to metabolic differ-
ences in the particular systems. In addition, the metabolic
characterization would also beneﬁt the comparison between DT40
and other cells in terms of metabolic regulation of IP3R, i.e., by ROS [17].
Metabolomics, the measurement of metabolite proﬁle in cells,
provides a unique opportunity for the investigation of changes in the
cellularmetabolism. For this reason, it has been applied to many princi-
ples ranging from basic biology to clinical diagnosis and prognostication
[18–20]. Although relatively fewer studies have been reported for the
metabolomic investigation on the roles of proteins, metabolomics may
provide different perspectives on protein functions from those seen by
conventional molecular biological approaches. For example, a
metabolomic study on breast cancer cells expressing truncated versions
of CXCR4 chemokine receptor revealed that the receptor expression is
related to alterations in choline and fatty acid metabolism, which, in
turn, are implicated in the metastatic potential by the receptor [21].
Here, we took NMR-based metabolomics combined with LC–MS
analysis to investigate the roles of IP3R in metabolic pathways and to
metabolically characterize IP3R KO DT40 cells. Our results show that
DT40 cells with and without IP3R have clearly differentiable metabolic
phenotypes in termsof energy generating steps and energymetabolites.
Among those, IP3R KO DT40 cells surprisingly exhibited higher energy
charge and cellular reducing molecule levels. Although, higher overall
ROS levels were detected. These changes induced by IP3R KO were put
into a picture of overall cellular metabolism by measuring the levels of
antioxidant enzymes, cellular growth rate, and AMPK expression and
activation status, which may need to be considered in understanding
IP3R functions especially in metabolic perspectives.
2. Material and methods
2.1. Chemicals and reagents
HPLC-grade acetonitrile and water were purchased from Burdick &
Jackson (Morristown, NJ, U.S.A.). Chemicals for NMR and LC–MS
analysis were obtained from Sigma-Aldrich (St. Louis, MO, U.S.A.).
Vendors for biological reagents are indicated in the corresponding
sections. Dihydrorhodamine 123 (DHR123), diacetyldichloroﬂuorescein
(DCFDA) and Mn(III) tetrakis (4-benzoic acid) porphyrin chloride
(MnTBAP) were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, U.S.A.). Xestospongin B (XeB) was a kind gift from Dr. Khalid A. El
Sayed at University of Louisiana (Monroe, U.S.A.).
2.2. Cell lines and culture condition
The IP3R KO and WT DT40 cells were grown in RPMI-1640 medium
(Welgene, Daegu, Korea) supplementedwith 10% heat-inactivated fetal
bovine serum (FBS, Welgene, Daegu, Korea), penicillin (100 U/mL,
Welgene, Daegu, Korea) and 1% heat-inactivated chicken serum
(Abcam, MA, U.S.A.). Both cells were cultured at 37 °C in a 5% CO2
humidiﬁed incubator.
2.3. Sample preparation for NMR and LC–MS spectroscopy
Metabolite extraction was performed on IP3R KO andWT DT40 cells
(4 × 106 cells). The metabolites were extracted using double phase
methanol–chloroform extraction methods as previously described
[22]. Brieﬂy, the counted cell pellets were re-suspended with the
mixture of 400 μL methanol and 200 μL chloroform. Three cycles of
the following steps were then repeated: dipping into liquid nitrogen
for 60 s, thawing at room temperature for 2 min and sonicating for
5 min. After additionally adding a mixture of 200 μL chloroform and
200 μL distilled water, the samples were centrifuged at 15,000 g for
20 min at 4 °C. The upper water phase was collected and dried with acentrifugal vacuum evaporator (Vision, Seoul, Korea). The pellets were
dissolved with 30 μL mixture of HPLC-grade acetonitrile and water
(1:1, v/v) for LC–MS or 500 μL buffer composed of 2 mM Na2HPO4 and
5 mM NaH2PO4 in D2O with 0.025% trimethylsilyl propanoic acid
(TSP) as an internal standard for NMR.
2.4. NMR measurement
One-dimensional NMR spectra were measured on a 500-MHz
Bruker Avance spectrometer (Bruker Bio Spin, Billerica, MA, U.S.A.)
equippedwith a cryogenic triple resonance probe at Korea basic science
institute (Ochang, Korea). The acquisition parameters were essentially
the same as those reported previously [23,24]. The metabolites were
identiﬁed using Chenomx spectral database (Edmonton, Alberta,
Canada) by ﬁtting the experimental spectra to those in the database
and comparison with standard compounds.
2.5. Multivariate data analysis
The time domain NMR data were Fourier transformed, phase
corrected, and baseline corrected manually using MestReNova
(Mestrelab Research, Santiago de Compostela, Spain). The processed
NMR data were then exported to an ascii ﬁle and binned at a
0.01 ppm interval to reduce the complexity of the NMR data for pattern
recognition. In addition, the signals were normalized against total inte-
gration values and 0.025% TSP. The regions corresponding to water
(4.5–5.0 ppm) and chloroform (7.65–7.7 ppm) were removed from
the spectra. The binning and normalization were performed using a
Perl script written in-house. The results were then imported into
SIMCA-P version 11.0 (Umetrics, Umeå, Sweden). Orthogonal projec-
tions to latent structure-discriminant analysis (OPLS-DA) were per-
formed with one predictive and one orthogonal component [25,26].
2.6. LC–MS spectroscopy
For LC–MS analysis, the extractedmetabolites were injectedwith an
injection volume of 5 μL. HPLCwas performed on an Agilent 1100 Series
liquid chromatography system equipped with a degasser, an auto-
sampler and a binary pump (Agilent, Santa Clara, CA, U.S.A.). The
chromatographic separation was performed on a ZIC-pHILIC Polymeric
Beads Peek Column (150 × 2.1 mm, 5 μm, Merck kGaA, Darmstadt,
Germany) at 35 °C, and the temperature of auto-sampler was set at
4 °C. For the solvent system, mobile phases A and B were distilled
water with 10 mM ammonium carbonate (pH 9.1) and acetonitrile,
respectively. The mobile phase was delivered at a ﬂow-rate of 0.15
mL/min and the entire eluent was carried into a mass spectrometer.
The linear gradient was as follows: 80% B at 0 min, 35% B at 10 min,
5% B at 12 min, 5% B at 25 min, 80% B at 25.1 min, and 80% B at
35 min. An API 2000 Mass Spectrometer controlled by the Analyst 1.6
Software (AB/SCIEX, Framingham, MA, U.S.A.) and equipped with an
electrospray ionization (ESI) source was used in negative ion mode for
multiple reaction monitoring (MRM). The operating conditions of the
mass spectrometer were as follows:−4.5 kV of ion spray voltage, tem-
perature of the heater (turbo) gas at 300 °C, and curtain gas (nitrogen),
ion source gas 1 (nitrogen), and ion source gas 2 (nitrogen) at pressures
of at 30, 40, and 80 psi, respectively. For the detection, MRM was per-
formed with the m/z value of the precursor and fragment ions as indi-
cated in the Supplementary Table S1 online, which were established
with the standard compounds.
2.7. Intracellular ROS determination
Cells (4× 106)were suspended in 1mLPBS and incubatedwith 1 μM
DHR123 or DCFDA in dark brown tubes for 30 min at 37 °C. After incu-
bation, the cells were washed with PBS, re-suspended in 1 mL PBS, and
then immediately analyzed using a FACS Calibur® ﬂow cytometer with
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without the ﬂuorescent dye treatment were also prepared for baseline
optimization for IP3R KO and WT DT40 cells.
2.8. Growth rate measurement
For cellular growth rate measurements, we carried out MTT and
BrdU assays. For the MTT assay, DT40 cells (1 × 105) were seeded in 6
well plates, harvested by centrifugation after 0, 10, 22, and 32 h of
growth, and re-suspended in 200 μL RPMI media. The cell suspension
(60 μL) was transferred to 96 well plates containing 140 μL media, and
incubated with 40 μL of MTT solution (5 mg/mL) at 37 °C. After 1 hour
incubation, the cells were transferred to 1.5 ml tubes and harvested by
centrifugation. The formazan crystals in the cell pellets were extracted
with 200 μL DMSO, and 100 μL of the extract was transferred to 96
well plates for spectrophotometric quantitation. The MTT assay was
performed at 595 nm using a microplate reader (VersaMax, Sunnyvale,
CA, U.S.A.). The experiments were performed in quadruplicates. For the
BrdU cell proliferation assay, DT40 cells (2 × 105) were seeded in 24
well plates and treated with BrdU solution after 0, 10, 22, and 34 h of
growth. After 11 h of incubation at 37 °C, cells were harvested by
centrifugation, re-suspended in 200 μL ﬁxing solution, and transferred
to 96 well plates. After 30 min incubation at room temperature, the
washed cells were treated with anti-BrdU monoclonal antibody for 1 h
followed by incubation with secondary antibody for additional 30 min.
After incubation with 100 μL TMB peroxidase substrate for 30 min in
the dark, the reaction was stopped with 100 μL stop solution. The
BrdU cell proliferation assay was performed at 450 nm using a micro-
plate reader (VersaMax, Sunnyvale, CA, U.S.A.). The experiments were
performed in triplicates. For the preparation of ROS scavenger treated
KO cells,Mn(III) tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP)
(100 μM) was added at the starting time point of the experiment.
2.9. Western blot analysis
Cells (4× 106)were harvested and re-dissolved in 500 μL RIPA buffer
with protease and phosphatase inhibitors (Sigma, St. Louis, MO, U.S.A.).
After incubation on ice for 30 min, the cell lysates were centrifuged for
10 min at 10,000 g. Four hundred microliters of the supernatant was
transferred to a new centrifuge tube and the total protein concentration
was estimated using BCA methods (Thermo Fisher Scientiﬁc, Rockford,
U.S.A.). Equal amounts (25 μg) of total protein samples were subjected
to 15% SDS-PAGE, and the proteins were transferred onto nitrocellulose
membranes (Millipore, Bedford, MA, U.S.A.). For western blot, the fol-
lowing antibodies were used: mouse monoclonal antibodies against
catalase (Santa Cruz Biotechnology, CA, U.S.A.), beta-actin (Santa Cruz
Biotechnology, CA, U.S.A.), and AMPK (Abcam, Cambridge, MA, U.S.A.);
rabbit polyclonal antibodies against SOD2 (Santa Cruz Biotechnology,
CA, U.S.A.), phospho-AMPK (T183,T172) (Abcam, Cambridge, MA,
U.S.A.), and LC3-II (Novus Biological Inc, Littleton, CO, U.S.A.); and
horseradish peroxidase-conjugated secondary antibodies (Santa Cruz
Biotechnology, CA, U.S.A.). ImageJ program was employed for densito-
metric analysis [27].
2.10. RNA extraction and quantitative PCR (qPCR)
Total RNA was isolated from the IP3R WT and KO DT40 cells using
the easy-spin™ total RNA extraction kit (Intron, Seoul, Korea). The
ﬁrst-strand cDNA was synthesized using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster, CA, U.S.A.) according to
the manufacturer's instruction. The primer sequences of beta-actin,
SERCA1 (ATP2A1) and SERCA2 (ATP2A2) were as follows: SERCA1, for-
ward 5′-CGCTGTCAATCAGGACAAGA-3′, reverse 5′-GTCGTTAAAGTGGC
CGATGT-3′; SERCA2, forward 5′-AAGGGCGTGCAATTTACAAC-3′,
reverse 5′-GAGACCATCCGTCACAAGGT-3′; and beta-actin, forward
5′-ATGAAGCCCAGAGCAAAAGA-3′, reverse 5′-GGGGTGTTGAAGGTCTCAAA-3′. Each 20 μL DNA ampliﬁcation reaction contained 12.5 μL
iTAQ™SYBR Green Supermix with ROX (Bio-Rad), 1 μL cDNA, and
200 nM of each forward and reverse primer. The PCR analysis was
performed using an Applied Biosystems 7500 fast system.
2.11. Energy charge measurement
For the absolute quantitation of ATP, ADP, and AMP, multiple
reaction monitoring (MRM) was performed with the m/z value of the
precursor and fragment ions as indicated in the Supplementary
Table S1 online, which were established with the standard compounds.
The concentrations of ATP, ADP, andAMPwere used in the calculation of
the adenylate energy charge value: adenylate energy charge =
([ATP] + 0.5[ADP]) / ([ATP] + [ADP] + [AMP]).
To investigate the effects of Xestospongin B (XeB), a speciﬁc inhibi-
tor of IP3R, the WT cells were treated with 40 μM XeB for 35 min.
After 35 min, WT (n = 3), KO (n = 3) and WT with XeB (n = 3) cells
were harvested and then extracted for energy charge measurement by
LC–MS.
3. Results
3.1. NMR spectra and OPLS-DA multivariate comparison for IP3R KO and
WT DT40 cells
To study the metabolic effects of IP3 receptor (IP3R), we compared
the metabolic proﬁles of the DT40 cells devoid of functional IP3R (KO)
and those of the wild type (WT), as represented by the NMR spectra
(Fig. 1A). The overall pattern of the spectrawas visibly distinct, especial-
ly, for those signals between 3.5–4.1 ppm and 0.8–1.1 ppm range. As a
ﬁrst step for themetabolomic comparison of the spectra,we established
the assignment of the signals (Table 1). To compare the metabolic
proﬁles more systematically and address the variation within a group,
we applied an OPLS-DAmultivariate approach. The OPLS-DA differenti-
ation model was built using one predictive and one orthogonal compo-
nent (Fig. 1B). The distinction model was obtained with very high
statistical characteristics with an overall goodness of ﬁt, R2(Y), of 0.98
and an overall cross-validation coefﬁcient, Q2(Y), of 0.97. Out of the
overall R2(X) value of 0.81, 71% was structured but uncorrelated to the
response, and 13% was predictive. The score plot shows that the
presence and the absence of IP3R can readily elicit differentialmetabolic
proﬁle between the IP3R WT and KO DT40 cells.
3.2. Marker compound identiﬁcation and statistical analysis
With the successful differentiation, we investigated the marker
metabolites contributing to the metabolic difference. For that, we
applied statistical total correlation spectroscopy (STOCSY) that can
analyze the correlation between each NMR signal and the difference
between the IP3R KO andWTDT40 cells (Fig. 2A). Based on the assigned
metabolites (Table 1), contributory signals that belong to each group
were identiﬁed as follow: glucose (5.23 ppm), branched chain amino
acids (valine: 1.04 ppm; isoleucine: 0.94 ppm; leucine: 1.71 ppm), oxa-
loacetate (3.71 ppm), and succinate (2.42 ppm) for the IP3R WT DT40
cells; and lactate (4.10 ppm), alanine (1.48 ppm), glutamate
(2.36 ppm), glutamine (2.45 ppm), and ANP (8.27 ppm, mixture of
ATP, ADP, and AMP) for the IP3R KO DT40 cells. The relative amounts
of these markers in both groups were also compared with standard
Student's t-test, and all of these markers exhibited strong signiﬁcance
with p-values of less than 10−4 (Supplementary Fig. S1 online).
3.3. Difference in cellular energy and redox status between IP3R KO andWT
DT40 cells
As many of these marker metabolites are related with energy me-
tabolism, we applied LC–MS approach to quantify other key energy
Fig. 1. Representative NMR spectra and group differentiation for IP3R WT and KO DT40
cells. (A) The NMR spectra were obtained for metabolites extracted from IP3R WT (top)
and KO (bottom) DT40 cells. Zoomed-in spectra for the 6 to 10 ppm region are also
shown. The numbers on the spectra indicate the assigned peaks corresponding to theme-
tabolites in Table 1. Assignments were established with Chenomx spectral database
(Chenomx, Edmonton, Alberta, Canada) and comparison with standard compounds.
(B) Orthogonal projections to latent structure-discriminant analysis (OPLS-DA) score
plot for the differentiation of IP3R WT and KO DT40 cells. Black square: IP3R WT cells;
open triangles: IP3R KO cells. The models were established using one predictive and one
orthogonal component.
Table 1
Metabolites identiﬁed with NMR analysis. The signal number (see Fig. 1), chemical shift
and J-coupling (ppm and J values), the changes in IP3R KO DT40 cells compared to IP3R
WT DT40 cells, and Student's t-test results are indicated.
Metabolites (ID) Chemical shift &
J-coupling (ppm and
J values)
Trend KO
vs. WT
Student's
t-test
(p-value)
1 3-Hydroxyisovalerate 1.25(s) ▲ 1.33 × 10−3
2 4-Aminobutyrate 1.91(m), 2.42(t),
3.02(t)
▽ 1.43 × 10−4
3 4-Hydroxyphenylacetate 3.44(s), 6.89(d),
7.19(d)
4 Acetate 1.92(s) ▽ 2.50 × 10−7
5 Adenine 8.09(s). 8.27(s) ▲ 1.05 × 10−3
6 Alanine 1.48(d), 3.74(q) ▲ 5.60 × 10−7
7 Arginine 1.64(m), 1.94(m),
3.26(q)
▽ 7.83 × 10−6
8 Asparagine 2.84(q), 2.96(q) ▲ 1.37 × 10−9
9 Aspartate 2.67(q), 2.82(q) ▲ 1.39 × 10−8
10 ANP* 6.15(d), 8.27(s),
8.54(s)
▲ 9.34 × 10−9
11 Caffeine 3.35(s), 3.49(s),
3.95(s), 7.89(s)
12 Cytosine 6.00(d), 7.57(d) ▲ 9.09 × 10−15
13 Glucose 3.25(t), 3.53(q),
3.89(d), 5.23(d)
▽ 8.81 × 10−9
14 Glutamate 2.06(m), 2.14(m),
2.36(t),
▲ 2.21 × 10−8
15 Glutamine 2.06(m), 2.14(m),
2.45(m)
▲ 2.41 × 10−7
16 Glycine 3.56(s) ▲ 1.00 × 10−8
17 Hippurate 4.00(d), 7.57(t),
7.81(d), 7.88(d)
18 Inosine 6.15(d), 8.26(d) ▲ 1.11 × 10−3
19 Isoleucine 0.94(t), 1.01(d),
3.67(d)
▽ 2.34 × 10−7
20 Lactate 1.32(d), 4.10(q) ▲ 2.34 × 10−11
21 Leucine 0.97(t), 1.71(m), ▽ 3.43 × 10−7
22 Malonate 3.22(s)
23 Methylmalonate 1.32(d), 3.27(q) ▲ 1.14 × 10−10
24 O-Phosphocholine 3.22(s), 3.60(t),
4.18(m)
▲ 6.89 × 10−8
25 Oxaloacetate 3.71(s) ▽ 2.31 × 10−11
26 Phenylacetate 3.55(s), 7.32(d),
7.38(d)
27 Phenylalanine 7.32(d), 7.38(t),
7.43(t)
28 Proline 2.01(m), 4.18(m) ▽ 1.62 × 10−4
29 Sarcosine 2.74(s), 3.61(s)
30 Succinate 2.42(s) ▽ 7.95 × 10−13
31 Valine 0.99(d), 1.04(d),
3.57(d)
▽ 2.46 × 10−5
ANP*: a complex peak of ATP, ADP, and AMP.
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(Supplementary Table S1 online). We particularly focused on the ANP
(ATP, ADP, and AMP), NADH, NAD, NADPH, NADP, and glutathione, as
these can directly report the energy and redox status of cells. We
established the mass-to-charge ratio of the precursor and fragment
ions of these with standard compounds and quantitated them using
multiple reactionmonitoring (MRM), and themeasured individual me-
tabolite levels were used to calculate important cellular energy and
redox parameters (Fig. 2B and C). The analysis showed that the IP3R
KO DT40 cells had higher adenylate energy charge (([ATP] +
0.5[ADP]) / ([ATP] + [ADP] + [AMP])) with lower oxidized-
glutathione ratio (GSSG/GSHt), but that the sources for the generation
of the reduction potential (NADPH/NADPt and NADH/NADt) were
relatively depleted. Despite the different energy charge values, the
AMPK and phosphorylated AMPK levels in the two cell lines did not
exhibit statistical differences (p N 0.05) (Fig. 2D). Because one of
the major energy consumers in cells is sarco-endoplasmic reticulum
calcium ATPase (SERCA), we also measured the mRNA expression
level of SERCA1 and SERCA2, the two major SERCA isotypes, in both
cells (Fig. 2E). Although the SERCA1 expression levels were similar,
the SERCA2 expression was reduced down to more than half in the
IP3R KO DT40 cells.3.4. Phenotypic differences and the associated ROS pathways between IP3R
KO and WT DT40 cells
NADH and NADPH are critically involved in maintaining the cellular
redox homeostasis, in addition to their roles in catabolic or anabolic
processes. Moreover, glutathione is the ﬁnal effector molecule in the
neutralization of cellular reactive oxygen species (ROS). Given the
altered levels of these molecules in the IP3R DT40 KO cells, we
postulated that the cellular ROS level should be different between the
IP3R KO and WT DT40 cells. Therefore, we measured the cellular ROS
levels using ﬂuorescent probes, dihydrorhodamine 123 (DHR123) and
diacetyldichloroﬂuorescein (DCFDA) (Fig. 3A). The results showed
that ROS species measured by DCFDA increased in IP3R KO DT40 cells,
but that those measured by DHR123 decreased slightly. As DCFDA
measures general ROS species and superoxide anions, while DHR123
is speciﬁc for peroxynitrites, the results suggest that IP3R KO DT40
cells have generally higher ROS level with lower peroxynitrite level.
To understand the difference at metabolic enzyme level, we investigat-
ed the expression levels of enzymes involved in the detoxiﬁcation of
ROS species, such as catalase and superoxide dismutase 2 (SOD2). The
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signiﬁcantly reduced in the IP3R KO DT40 cells (Fig. 3B), explaining
the differences observed with ﬂuorescence probes (see discussion). As
alterations in ROS and energy charge values can induce autophagy, we
measured the expression levels of LC3-II, a widely used autophagic
marker. The result showed a higher level of LC3-II in the IP3R KO DT40
cells than in the WT DT40 cells (Fig. 3C). ROS can also affect cellular
life and growth. Therefore, we compared the cell viabilities of IP3R KO
and WT DT40 cells using MTT assay and observed a signiﬁcantly lower
viability for the IP3R KO DT40 cells (Supplementary Fig. S2 online).
The involvement of ROS in the growth rate of IP3R KO DT40 cells was
also conﬁrmed by measuring the cellular growth rate of KO cells in
the presence and absence of MnTBAP, a well-known ROS scavenger.
The growth rates measured by BrdU incorporation showed that the
MnTBAP treatment increased the growth rate of the IP3R KO DT40
cells toward that of the WT DT40 cells (Fig. 3D), conﬁrming the roles
of ROS in the slower growth rate of the IP3R KO DT40 cells.4. Discussion
The DT40 cell line with or without IP3R deletion has been used
extensively for the functional studies of IP3R. As calcium is an essential
messenger in many cellular signaling pathways, the KO of IP3R calcium
channel is expected to affect cellular phenotypes such as general
metabolism and cell growth. However, the physiological implication of
IP3R knockout itself in DT40 cells has not been well appreciated in the
context of the IP3R functions. Our NMR and LC–MS-based metabolomic
analysis shows that IP3R can modulate important metabolic pathways,
energy and redox status, ultimately affecting the cellular growth rate.
The knockout of IP3R seems to affect various metabolic pathways
such as glycolysis, TCA cycle, pentose phosphate, and anaplerotic
oxoglutarate pathways (see Fig. 4). Among them, glycolysis seems
notably robust in the KO cells, given the increased pyruvate, lactate,
and decreased glucose levels. The conversion of pyruvate to alanine
was also increased, but the levels of TCA cycle intermediates were gen-
erally decreased in the IP3R KODT40 cells. Therefore, pyruvate seems to
be shuttled to either lactate or alanine rather than to TCA cycle. The
lower activity of TCA cycle and increased generation of lactate seem to
contribute to the decreased NADH. The decreased TCA cycle activity
seems consistent with the phosphorylation and the subsequent
inhibition of pyruvate dehydrogenase reported for IP3R KO DT40 cells
previously [16]. These overall shifts of the metabolism are also reminis-
cent of the Warburg effect present in many cancer cells [28]. Interest-
ingly, the DT40 cell is a cancer cell line derived from bursal lymphoma
of chicken, and it is well-expected that the IP3R WT cells depend on
aerobic glycolysis for its energy requirement. The more prominent
Warburg effect seen in the IP3R KO cells suggests that the IP3R WT
cells do not fully exploit the aerobic glycolysis, whichmay be controlled
by IP3R-mediated calcium signaling.Fig. 2.Marker identiﬁcation and energetic phenotype comparison between IP3R WT and
KO DT40 cells. (A) Variable contributions from statistical total correlation spectroscopy
(STOCSY). The color scale on the right indicates P(corr)p. The Pp represents the modeled
covariance and P(corr)p represents the modeled correlation. The numbers on the spectra
indicate assigned peaks corresponding to the metabolites in Table 1. (B) The bar charts
represent the calculated values of energy charge, relative abundance of AMP, ATP, and
ADP. (C) The bar charts represent the ratios of NADH, GSSG, and NADPH to the sum of
the reduced and oxidized forms (NADt, GSHt, and NADPt, respectively). (B and
C) Statistical analysis was performed using Student's t-test, and the resulting p-values
are indicated. Error bars represent standard deviation. (D) The levels of phospho-AMPK
andAMPKwere estimatedbywesternblot of thewhole cell lysates (n=6; left). Bar charts
(right) represent the densitometric intensities of the western blot bands normalized to
those of beta actin (Actb). The gelswere run under the same experimental conditions. Sta-
tistical analysiswas performed using Student's t-test, and the p-values are indicated. Error
bars indicate the standard deviation. (E) The mRNA levels of SERCA1 (ATP2A1) and
SERCA2 (ATP2A2)were estimated by qPCR on thewhole cell lysates. All mRNA expression
levels were normalized with beta-actin. The p-value obtained from Student's t-test is also
indicated. Error bars indicate the standard deviation.
Fig. 3. Comparison of the cellular ROS levels, antioxidant enzyme levels, autophagy, and
growth rates in IP3R WT and KO D40 cells. (A) The ROS levels were detected by ﬂow cy-
tometry using two ﬂuorescent dyes: DHR123 (left) and DCFDA (right). (B) Expression
levels of antioxidant enzymes catalase (Cata) and SOD2 in IP3R WT and KO DT40 cells.
Beta-actin (Actb) was used as a loading control. Bar charts represent the relative amount
of the enzymes normalized to that of Actb. These blots were cropped from one gel. Two-
tailed p-values determined by Student's t-test are indicated. Error bars indicate the stan-
dard deviation. (C) The levels of LC3-II were estimated by western blot of the whole cell
lysates (left). Bar charts (right) represent the densitometric intensities of the western
blot bands normalized to those of beta-actin (Actb). Statistical analysis was performed
using Student's t-test, and the p-value of b0.05 was considered signiﬁcant. Error bars indi-
cate the standard deviation. (D) The growth rates of IP3R WT (black), KO (red), and KO
DT40 cells treated with MnTBAP (blue). MnTBAP was used as an ROS scavenger
(100 μM). The growth rates were measured at the indicated time points using BrdU cell
proliferation assay. The values represent the relative viability normalized to the values
at 0 hour point. The statistical analysis was performed using Student's t-test. The p-values
for WT vs. KO and KO with vs. without ROS scavenger were indicated.
Fig. 4.Metabolic alterations and schematic representation of ROS-relatedpathways in IP3R
KO DT40 cells. The changes in ROS, antioxidant enzyme, and metabolite levels in IP3R KO
DT40 cells, compared to theWT cells, are indicated on cellular energymetabolic pathways
and cellular redox pathways. The increased metabolites in IP3R KO DT40 cells are colored
in red, decreased ones in blue, and thosewithout signiﬁcant changes in green. The levels of
ROS species (O2−, ONOO−and H2O2) were deduced from the ﬂow cytometry results and
the levels of SOD2 and catalase (see text). The abbreviations are as follows: ALA, alanine;
ARG, arginine; ASN, asparagine; ASP, aspartate; GLU, glutamate; GLN, glutamine; ILE, iso-
leucine; LAC, lactate; LEU, leucine; OAA, oxaloacetate; PRO, proline; SUC, succinate; VAL,
valine; G6P, glucose 6-phosphate; R5P, ribulose 5-phosphate; F6P, fructose 6-phosphate;
PYR, pyruvate; CIT, citrate; ACA, acetyl-CoA; AKG, α-ketoglutarate; NAD+/NADH, oxi-
dized/reduced nicotinamide adenine dinucleotide; NADP+/NADPH, oxidized/reduced nic-
otinamide adenine dinucleotide phosphate; GSH/GSSG, reduced/oxidized glutathione;
ATP/ADP/AMP, adenosine triphosphate/diphosphate/monophosphate; O2−, superoxide
anion; ONOO−, peroxynitrite; H2O2, hydrogen peroxide; SOD2, superoxide dismutase 2;
CATA, catalase; GPx, glutathione peroxidase; GR, glutathione reductase.
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effects, the IP3R KO DT40 cells exhibited slower growth rate than that
of the WT cells, an important phenotype that is not normally seen incancer cells with enhanced Warburg effect. This phenotype seems to
be related with the proﬁle of the redox-related molecules in the IP3R
KO DT40 cells. The IP3R KO DT40 cells exhibited an increase in general
ROS, especially those detected by DCFDA dye, which should adversely
affect the cell growth. It has been reported that an ROS increase can
lead to autophagy [29,30] and that autophagy can decrease the cellular
growth rate [31]. Indeed, our results showed that LC3-II expression was
higher in the IP3R KO DT40 cells than in the WT DT40 cells, and that
MnTBAP can increase the growth rate of the IP3R KO DT40 cells. Consis-
tently, a previous study showed that the IP3R KO DT40 cells exhibited
pro-survival autophagic status and lower oxygen consumption rate
[16], both of which should contribute to the lower growth rate. Still, it
is notable that the recovery growth rate after starvation was reported
to be higher for the IP3R KODT40 cells in the previous study. In compar-
ison, our results are for the growth rate in nutrient-replete condition.
In addition to the general increase in the ROS, the IP3R KODT40 cells
exhibited a rather unique proﬁle of the redox molecules. Although the
2943H. Wen et al. / Biochimica et Biophysica Acta 1853 (2015) 2937–2944SOD2 level decreased in KO cells, the catalase level was not different in
IP3R KO and WT DT40 cells. These should lead to increased
accumulation of O2−, due to its decreased consumption (by SOD2), and
a decreased level of H2O2 caused by the decreased production (by
SOD2) and unchanged consumption (by catalase) (Fig. 4). These can
explain how the IP3R KO DT40 cells have lower GSSG/GSHt and lower
NADPH/NADPt ratios with the generally higher ROS level. The generally
high ROS level may have induced the production of GSH at the expense
of NADPH, but the actual consumption of GSH may be low, as its main
role is the detoxiﬁcation of H2O2 which should be present at lower
level in the IP3R KO DT40 cells. The IP3R KO DT40 cells were shown to
exhibit abnormal mitochondrial bioenergetics characterized by lower
oxidative phosphorylation [16]. Along with the reduced TCA cycle
activity and NADH level in our study, these data suggest that the higher
level of ROS in the IP3R KO DT40 cells may, at least in part, result from
the accumulation of O2−, due to the decreased SOD2 rather than
increased production. Although the general ROS level increased, the
level of peroxynitrite, as measured by DHR123, slightly decreased
suggesting that speciﬁc ROS species could be differentially affected.
Therefore, IP3R and SOD2 expression seems to be somehow correlated
and to play important roles in maintaining the ROS homeostasis for
cell growth. Still, based on the rather moderate decrease of SOD2 in
the IP3R KODT40 cells, other antioxidant enzymesmay also be involved
in the ROS levels.
As energy charge represents the overall cellular energy status [32,
33], we measured the values for the IP3R KO and WT DT40 cells. The
IP3R KO DT40 cells showed signiﬁcantly higher value (0.72) than the
IP3RWT DT40 cells (0.59), but both values were rather small compared
to those measured in our laboratory for other cell types (all ﬁve cell
types N0.9) (Supplementary Table S2 online) or those reported
previously [34]. Generally, the energy charge is maintained above 0.8
in normal cells [35]. Therefore, both WT and KO DT40 cells seem far
off from “normal” cellular metabolic status, which may need to be con-
sidered for understanding other DT40 phenotypes. This also has an im-
portant implication in the mechanism of the enhanced autophagy seen
in the IP3R KO DT40 cells compared to the IP3R WT DT40 cells. A previ-
ous study attributed enhanced AMPK phosphorylation driven by the
higher AMP:ATP ratio to the enhanced autophagy in the IP3R KO DT40
cells [16], but another study by Khan et al. failed to observe the
difference in AMPK phosphorylation levels in the IP3R KO and WT
DT40 cells [15]. The former study also observed the higher AMP:ATP
ratio when IP3R was inhibited, which seems to contradict the higher
energy charge in IP3R KO DT40 cells in ours. However, their AMP:ATP
ratio data were obtained with hepatocytes whose IP3R was pharmaco-
logically inhibited with Xestospongin B, as opposed to the IP3R KO
DT40 cells used in our study. We also measured the energy charge
after treating the IP3RWTDT40 cellswith Xestospongin Bwhich slightly
increased the energy charge toward that of the KO group, to the extent
that both values are not signiﬁcantly different (Supplementary Fig. S3
online). Still, the energy charge value ofWT+XeB groupwas not statis-
tically different from the WT in our conditions, either, possibly because
we could not pinpoint the optimal Xestospongin B concentration for the
metabolic experiments due to the extremely limited availability of the
reagent. Therefore, a direct comparison of the results is difﬁcult at this
point. Nevertheless, our observation of very low energy charge values
(0.72 and lower) in both IP3R KO and WT DT40 cells is compatible
with Khan et al.'s study [15] in terms of the AMPK phosphorylation. It
has been shown that AMPK activation by phosphorylation is inversely
correlated with the energy charge values but that the phosphorylation
becomes saturated in the conditions with energy charge values around
0.8 and lower [36]. Therefore, even though the IP3R KO DT40 cells have
signiﬁcantly higher energy charge values than the IP3R WT DT40 cells,
the level of AMPK phosphorylation, hence its activation, is not expected
to be different from that in the IP3RWTDT40 cells. Indeed, we could not
observe signiﬁcant differences in either AMPK or AMPK phosphoryla-
tion level in our western blot analysis. Then, the mechanism of theenhanced autophagy in the IP3R KO DT40 cells could be independent
of the AMPK activation, which may need to be conﬁrmed in future
studies.
How the IP3R KODT40 cells have higher energy charge than the IP3R
WT DT40 cells may also need some discussion. Higher energy charge
can result from either higher ATP production or less ATP consumption.
Given the lower oxidative phosphorylation [16] and TCA cycle activity,
the KO cells should rely mostly on the glycolysis for the ATP require-
ment through the observed enhanced Warburg effects. Although this
compensatory ATP production can supply ATP needed for survival, the
higher level of energy charge in the IP3R KODT40 cells may also involve
less consumption of ATP, as the efﬁciency of ATP production by glycoly-
sis is not as high as oxidative phosphorylation. The most probable
mechanism for the reduced ATP consumption may have to do with
the sarco-endoplasmic reticulum calcium ATPase (SERCA). SERCA is
the most important calcium pump responsible for ﬁlling the intracellu-
lar calcium store such as endoplasmic or sarcoplasmic reticulum [37]. It
has been reported that ATP hydrolysis by SERCA accounts for 40 to 50%
of oxygen consumption ofmouse fast and slow twitch skeletalmuscle at
resting state [38]. Although this result is for muscle cells with different
isotypic variants of SERCA from those found in DT40, the steep calcium
concentration gradient across ER and cytosol is also maintained by
SERCA in DT40 cells. Therefore, ATP consumption by SERCA to compen-
sate for inherent calcium leakage should be substantial in IP3RWT cells.
In the IP3R KO cells, however, the calcium leakage should be almost
abolished due to the absence of IP3R [11],which obviates theATP hydro-
lysis by SERCA activity, reducing the ATP consumption. Our results
support these, since IP3R KO DT40 cells exhibited much lower expres-
sion levels of SERCA2 than that of WT DT40 cells with similar levels of
SERCA1. Therefore, the higher energy charge of IP3R KO DT40 cells,
despite the less oxidative phosphorylation, is expected due to both
compensatory ATP production and reduced ATP consumption.
5. Conclusion
Metabolomic studies using NMR and LC–MS suggest that the IP3R
knockout cell line exhibits perturbation for themetabolites in glycolysis,
energy charge, oxidative branch of pentose phosphate pathway, TCA
cycle, and gluconeogenesis. ROS measurement with FACS and western
blot results suggest that IP3R can affect growth rate through ROS. Over-
all, our metabolomic studies provide a metabolic perspective to under-
stand the roles of IP3R.
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